Diurnal courses of gas exchange, chlorophyll fluorescence, shoot water potential (Ψ ) and leaf relative water content (RWC leaf ) were recorded in Chamaecytisus proliferus (L. fil.) Link ssp. proliferus var. palmensis (Christ) (tagasaste) growing in natural conditions in the North-West slope of Tenerife, Canary Islands. During the studied period (April-July 2000), the soil relative water content (RWC soil ) progressively decreased, while the air vapour pressure deficit increased. As a consequence a decrease in Ψ and RWC leaf took place as well as a decrease in stomatal conductance (g s ) and CO 2 assimilation rate (A). These characteristics, typical of an anisohydric plant, allowed this species to endure a mild drought.
Introduction
Mediterranean climates can be considered as a transition between dry tropical and temperate climates. They are characterised by a distinctive annual climatic sequence in which a hot, dry summer alternates with a cool to cold humid period lasting 5-10 months from autumn to spring. There are, however, different opinions about the ranges of annual amounts of rainfall and the extent of summer drought characterising these climates (Daget, 1977) .
The effect of drought on leaf gas exchange in Mediterranean Basin plants has been reviewed by Tenhunen et al. (1987) and Pereira and Chaves (1993) . These studies show that drought not only affects the rate of gas exchange, but also results in diurnal changes in activity. Thus, the impact of stress on plants growing under Mediterranean field conditions should be assessed by examining the development of the diurnal variations on leaf gas exchange (Mäkelä et al., 1996; Munné-Bosch et al., 1999) . Whereas these ecophysiological parameters are relatively broadly studied under eu-Mediterranean conditions (e.g. Tenhunen et al., 1987; Faria et al., 1998; Gratani and Ghia, 2002) , information on plant per-formance under humid Mediterranean conditions are scarce.
Tagasaste, formerly also called "tree lucerne" (Chamaecytisus proliferus (L. fil.) Link ssp. proliferus var. palmensis (Christ)), is an endemic fodder tree-shrub from the Canary Islands which has achieved importance in agriculture around the world, particularly in parts of Australia and New Zealand (Francisco-Ortega et al., 1991 . Most studies about this species concentrated on its biomass yield and quality (Arredondo et al., 1998; Assefa, 1998) , nutritive value and palatability (Borens and Poppi, 1990; Tolera et al., 1997) . Little is known about its physiological responses under natural environmental conditions. Recent studies have been carried out on the water use efficiency and water balance of tagasaste in south-western Australia (Lefroy et al., 2001a,b) . However, nothing is known about photosynthetic characteristics and response to drought in its natural habitat.
In the Canary Islands, tagasaste is mainly present from 300/400 to 1300/1400 m above sea level, in gaps and boundary zones of forests in N and NE slopes of the islands (Pérez de Paz et al., 1986 ) in a humid Mediterranean climate. Because of their ability to symbiotically fix nitrogen, legumes can grow in low quality soils (Van Andel et al., 1993) and have been used for re-vegetation of abandoned, altered or drought affected fields. Tagasaste might also be a suitable candidate for such purposes. The aim of this study is to know the response of tagasaste in its native environment to the natural drought from spring to summer by examining the water status of its shoots and the seasonal development of the diurnal variations in leaf gas exchange and photochemical efficiency of the PSII photochemistry.
Materials and methods

Plant material and experimental site
The study was conducted with adult plants (more than 10 years old) of Chamaecytisus proliferus subsp. proliferus var. palmensis (tagasaste) from April to July of 2000 in Tenerife, Canary Islands. The plant is an evergreen shrub, which mainly produces new shoots in spring and autumn, but new ones can be seen throughout the year. Measurements were done in similar young shoots. The experimental site is located at an altitude of 950 m, facing N and has a humid Mediterranean climate with a mean annual temperature between 10 and 13 • C and a mean annual precipitation of 570 mm.
Plant and soil water status
Shoot water potential (Ψ ) of apical non-woody shoots (N = 9) was measured three times a day (early morning, midday and late afternoon) using a pressure chamber (PMS Instruments Co., Corvallis, OR, USA).
Relative water content of fully developed young leaves (RWC leaf ) was calculated from the same shoots (N = 9), as RWC (%) = (FW − DW)/(SFW − DW) × 100, where FW is fresh weight, DW is dry weight and SFW is saturated fresh weight of the leaves after re-hydrating samples for 24 h (Turner, 1981) .
At sunset, soil samples were taken in steel cylinders (diameter: 3.5 cm and length: 14 cm) and RWC soil was calculated in the same way as RWC leaf .
Gas exchange characteristics
CO 2 assimilation rate (A), internal CO 2 concentration (C i ), stomatal conductance (g s ) and transpiration rate (E) were measured on attached apical non-woody shoots with a portable Infrared Gas Analyser (LCA2, Analytical Development Co. Ltd., Hoddesdon, Herts, UK) every hour from the early morning to the evening. Gas exchange rates were calculated using equations developed by von Caemmerer and Farquhar (1981) .
Chlorophyll fluorescence
Components of chlorophyll fluorescence were quantified in situ in the field with a portable modulated fluorometer (Mini-PAM, Walz, Effeltrich, Germany). The instrument was equipped with a leaf-clip holder (2030-B; Walz) and a microquantum sensor for monitoring photosynthetic photon flux density (PPFD) and a thermocouple to measure temperature at the lower leaf surface (Bilger et al., 1995) . The fiberoptics axis forms a 60 • angle with the leaf plane, avoiding shading of the sample when external actinic illumination is applied. After clamping the leaf-clip holder onto the leaf, the actual fluorescence (F) was monitored to ascertain that it was stable (weak measuring beam). Maximum fluorescence yield (F m ) was measured during a 0.8-s saturating flash at 6000 mol m −2 s −1 and exposure to natural illumination. The fraction of absorbed light utilised in electron transport is given by the PSII photochemical efficiency or yield parameter, φ PSII = F/F m , where F = F m − F (Genty et al., 1989) . Measurements were made every hour in single attached leaves (N = 9). Values of initial (F 0 ), maximal (F m ) and the variable to maximum ratio (F v /F m ) in dark-adapted leaves, were determined in the laboratory for the same leaves characterized in the field. Leaves were maintained in petri dishes on moist paper in the laboratory at room temperature and darkness for 24 h. Non-photochemical quenching (NPQ) described by (F m − F m )/F m was determined from in situ field measurements and from pre-illumination measurements with detached and water-saturated leaves in the laboratory. All values of fluorescence were corrected for changes in measuring beam irradiance induced by temperature changes of the Mini-Pam. The correction was calculated according to Demmig-Adams and Adams (1996) by monitoring the fluorescence signal of a standard provided with the instrument.
In addition to chlorophyll fluorescence measurements mentioned above, maximum efficiency of PSII photochemistry (F v /F m ) was determined in situ in the field in single attached leaves (N = 9) by a time-resolving portable fluorometer (Plant Efficiency Analyser, PEA, Hansatech, UK) after 30 min of dark adaptation using specially designed clips attached to the leaves. Measurements were made throughout the day at 2 h intervals.
Pigments composition
Photosynthetic (Chlorophyll a, b and carotenoid) pigments from leaves (N = 9) of apical non-woody shoots were measured spectrophotometrically in 80% acetone (v/v) extracts using the equations described by Lichtenthaler (1987) .
Statistical analysis
Statistical differences between time of day and measurement days were analysed by ANOVA using SPSS (version 10, Chicago, IL, USA) and were considered significant when P < 0.05.
Results
Plant and soil water status
RWC soil in the studied period decreased from values of 55% to 18% between 25 April and 31 July, showing a strong decrease between 25 April and 31 May (Fig. 1) . The shoot water potential Ψ showed significant differences between the measured days as well as with respect to the time of day. Ψ decreased during the morning, as the water demand increased, to recover again during the late afternoon with higher values than in the early morning, except on the last day of measurements when the drought was more pronounced (Ψ late-afternoon 1.01 MPa). Drought caused a decrease in Ψ midday from approx. −0.7 MPa on 25 April to −2.0 MPa on 31 July (Fig. 2) . RWC leaf also showed significant differences during the period under study, decreasing approx. 10% between the first and last day of the period of measurements; nevertheless, no significant differences between values of 1 day were found (Fig. 2) . Fig. 3 shows diurnal variations in weather conditions (photosynthetic photon flux density, PPFD; leaf temperature, T leaf and air vapour pressure deficit, VPD) on four cloudless days during the study period. From April to July, it became progressively hotter and drier. At the beginning of the measurement period (25 April), the lowest maximum mean values of VPD and T leaf (0.58 kPa and 26 • C, respectively) were registered; values of 5 kPa and 40 • C were reached towards the end.
Gas exchange
A and g s decreased from about 8.5 mol m −2 s −1 and 163 mmol m −2 s −1 , respectively, in April to a significant minimum of 5 mol m −2 s −1 and 89 mmol m −2 s −1 in July. C i values were high in all studied days (minimum mean values c 325 mol mol −1 ) and C i /C a ratio was always above to 0.95 (Fig. 4) .
Instantaneous WUE showed a significant decrease during the experiment, decreasing from 3 to 1.5 mol mmol −1 . A/g s values did not show significant differences with a mean value of 55 mol mol −1 (Fig. 4) . 
Chlorophyll fluorescence
During the morning, φ PSII decreased with changes in PPFD to increase again during the afternoon, reaching a maximum in late afternoon. A maximum reduction of φ PSII was obtained at midday, with values around 60% on July 31 (Fig. 5) . Midday φ PSII did not show significant differences during the drought period. NPQ paralleled the diurnal pattern of PPFD. Maximum midday NPQ values of 2.4 were reached on July 31 (Fig. 5) .
The ratio F v /F m remained at similar levels during most hours of the day, reaching minimum values of c 0.76 at midday, and they did not show Each value is a mean ± S.D., n = 6. Different letters denote significant differences between days (P < 0.05).
significant differences during the drought period (Fig. 5) . Table 1 shows the effects of the drought period on the total chlorophyll content (Chl a + b), chlorophyll a:b ratio (Chl a/b) and carotenoid:chlorophyll ratio (Car/Chl). Chl a + b and Chl a/b did not show significant changes during this period but there was a slight increase in the ratio Car/Chl.
Discussion
Water relations
Plant and soil water status showed a gradual decrease during the studied period when drought increased. Minimum values of Ψ (−2.0 MPa) were similar to those reached in others woody Mediterranean species in mid-summer (Lo Gullo and Salleo, 1988; Castell et al., 1994) and minimum RWC leaf values did not decrease below 70%. These results suggest that tagasaste was subject to mild drought conditions during the studied period (Cornic and Massacci, 1996; Chaves et al., 2002) . Furthermore, the increase in VPD with time further enhanced these drought conditions. Both, early morning Ψ and midday Ψ decreased with the time, showing similar diurnal curves of Ψ for the different days.
The pattern of Ψ in response to drought differs amongst species, with two extreme types, i.e. anisohydric and isohydric plants (Stocker, 1956) . In both types, the predawn Ψ decreases with the drought, but while anisohydric plants show large differences in midday Ψ amongst watering treatments, the isohydric plants do not show appreciable differences in midday Ψ (Tardieu and Simmoneau, 1998) . Therefore, tagasaste can be considered an anisohydric plant. This pattern has been shown in sunflower (Tardieu et al., 1996) and in woody species, e.g. almond (Wartinger et al., 1990) and peach (Steinberg et al., 1989) , and it is linked to stomatal control. These plants lack a tight stomatal control during dehydration, thus showing a gradual decrease in the RWC leaf when exposed to water shortage. In tagasaste, decrease of RWC leaf was not much pronounced despite an obvious reduction in RWC soil . This indicates either a sensitive control of water losses, which is neither evidenced by the observed gas exchange pattern nor by only small changes of leaf water potentials, or efficient abilities for osmoregulation. Which such a strategy, a plant is efficient in productivity also under a prolonged drought.
Gas exchange
Numerous studies of leaf gas exchange in Mediterranean climates have demonstrated similar leaf responses to those described here: decreasing A and g s from spring to summer with increasing drought (Oechel et al., 1981; Tenhunen et al., 1990) . If the main limitation of A were stomatal closure, then we would expect low g s and, consequently, decreased C i values. In our study, C i was calculated using a conventional formula (Farquhar et al., 1978) . C i calculated in this way, decreased rarely in proportion to the decrease of A, and A and g s decreased in parallel. In fact, the magnitude of C i decrease is often much less than that of the decrease in A (Xu and Shen, 1996) . In our study, no significant C i decrease was observed. It is likely that an increased CO 2 efflux from photorespiration, due to an increased leaf temperature (Osmond and Grace, 1995) , is responsible for the difference in extent of decline in A and C i . Increased photorespiration is a common response to water stress (Lawlor, 1995) , and may be a mechanism to avoid photoinhibitory damage when photosynthesis is reduced by carbon availability (Osmond and Grace, 1995; Kozaki and Takeba, 1996) .
In addition, decreases in g s are not as drastic to reduce substantially leaf carbon gain. Results obtained by Lefroy et al. (2001a) in Australia showed that tagasaste has a root system which enables the plant to access groundwater at depth allowing this plant to maintain relatively high values of g s . The decrease of WUE during the experiment, as a result of the decrease of A and the slight increase of E, became accentuated by the atmospheric environmental conditions, mainly VPD since intrinsic water use efficiency, which removes the VPD effect, did not show significant differences during the studied period. As was observed here, Huc et al. (1994) found that A/g s did not change significantly throughout the year in tropical rain forest tree species. Also with Canarian laurel forest trees that are not much stress affected in their natural habitat no distinct seasonality of the A/g s ratio could be observed (González-Rodríguez et al., 2001 . By contrast, in some Mediterranean shrubs and trees this parameter increases markedly during the summer (Peñuelas et al., 1998; Flexas et al., 2001) . Obviously, tagasaste does not acclimate sufficiently to maintain unchanged high A rates under seasonal water limitations but does not restrict gas exchange to a degree that two-peaked diurnal courses ("midday depression") would be observed. Such a pattern would be accompanied by a stabilization or even improvement of leaf water potential values during the day.
Chlorophyll fluorescence
φ PSII showed pronounced diurnal changes that are most probably caused by (zeaxanthin + antheraxanthin)-dependent energy dissipation in the antennae. These changes in PSII apparently represent a regulatory adjustment of PSII to the demand for products of electron transport, and are unlikely to limit photosynthetic productivity (Demmig-Adams and Adams, 1996) .
A great decrease of φ PSII over the day was shown on all days, but contrary to what was shown by Munné-Bosch et al. (1999) for other Mediterranean evergreen shrubs, the decrease in tagasaste was not enhanced by water stress. The values recovered at the end of the day show a down regulation of photosynthesis and no damage of the photosynthetic function by dehydration (Cornic and Massacci, 1996) .
Although F v /F m values at midday were slightly lower than those obtained early in the morning and late afternoon, they were always in the range considered normal for a healthy non-stressed plant (Bolhár-Nordenkampf and Öquist, 1993) . The maintenance of constant F v /F m values at midday throughout the study demonstrates the lack of drought induced damage to PSII photochemistry, as has been reported also for many other species (Genty et al., 1987; Jiménez et al., 1999) . It is well known the PSII protector role of carotenoids under conditions of excess of light which are enhanced in drought conditions. In our study, we observed a slight increase in the ratio Car/Chl, which partly explains the absence of drought-induced damage to PSII (Demmig-Adams and Adams, 1996) . This parallels the high resistance to photoinhibitory damage exhibited by other Mediterranean species under summer drought (Werner et al., 1999) .
We conclude that tagasaste can endure a mild drought, developing a more negative water potential, but closing gradually its stomata as the water stress increases and dissipating the excess light without damage to the photosynthetic apparatus, with a moderate decrease in photosynthetic rates. While this might be considered as a conventional response to drought, this performance is not a general rule. In some cases changes in leaf physiology were more closely linked to changes in the soil water content than to those in leaf water status (Jones, 1985) .
In tagasaste, photosynthesis under drought is controlled through stomatal limitation, but CO 2 uptake becomes only halved. Even with higher atmospheric demands, transpiration rates remain at moderate levels and leaf water potential recovers more or less at the end of a day. A seasonal decrease of predawn Ψ indicates that leaf water relations are at least somewhat stabilized by osmoregulatory processes. Diurnal variations in gas exchange were less pronounced than those in macchia plants under eu-Mediterranean conditions (e.g. Lösch et al., 1982; Beyschlag et al., 1986) , where Ψ midday reached values nearly twice as low as measured in the present study. This agrees with the milder conditions of a humid Mediterranean climate where tagasaste occurs naturally. It underlines the usefulness of tagasaste as a biomass producing plant under conditions of mild drought. It remains to be proven whether or not this species can endure with sufficient production and vitality eu-Mediterranean conditions with a prolonged severe water shortage.
